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Magnetic properties and magnetocaloric effects (MCEs) of ternary intermetallic ErFeSi compound have been investigated in detail. It is found that ErFeSi exhibits a second-order magnetic transition from ferromagnetic to paramagnetic states at the Curie temperature T C ¼ 22 K, which is quite close to the liquid hydrogen temperature (20.3 K) . A thermomagnetic irreversibility between zero-field-cooling and field-cooling curves is observed below T C in low magnetic field, and it is attributed to the narrow domain wall pinning effect. For a magnetic field change of 5 T, the maximum values of magnetic entropy change (ÀDS M ) and adiabatic temperature change (DT ad ) are 23.1 J/kg K and 5.7 K, respectively. Particularly, the values of ÀDS M and refrigerant capacity reach as high as 14.2 J/kg K and 130 J/kg under a magnetic field change of 2 T, respectively. The large MCE without hysteresis loss for relatively low magnetic field change suggests that ErFeSi compound could be a promising material for magnetic refrigeration of hydrogen liquefaction. V C 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4794415]
Since the discovery of magnetocaloric effect (MCE), 1 magnetic refrigeration based on MCE has been proved to be an attractively alternative technology to the conventional gas compression-expansion refrigeration which possesses the key issues of low efficiency and environmental contamination.
2,3
In 1997, Pecharsky et al. reported a giant MCE of Gd 5 Si 2 Ge 2 near room temperature (T C ¼ 276 K), which is caused by a first-order field induced magnetic and structural transitions. 4 Since then, a great deal of attention has been paid to search for magnetic refrigerants in view of domestic or industrial applications near room temperature. [5] [6] [7] [8] On the other hand, the research on systems exhibiting large MCEs at low temperature is also important due to their potential utilization in the refrigeration for gas liquefaction. 3, 9 Hydrogen is considered as one of the most possible candidates for clean energy sources because of its high energy density and friendly environment. Generally, hydrogen gas needs to be cooled down to liquid form for its storage and transportation. It has been reported that the Carnot magnetic refrigerator (CMR) achieved an efficiency of 90% in the liquefaction stage. 10 Therefore, it is significant to develop advanced magnetic refrigerants that show large MCEs around the liquid hydrogen temperature (20.3 K) and are suitable for applications in CMR.
Usually, the magnitude of MCE can be characterized by magnetic entropy change (DS M ) and/or adiabatic temperature change (DT ad ) upon the variation of magnetic field. Besides, refrigerant capacity (RC) is considered as another important parameter to quantify the heat transferred between the hot and cold sinks in an ideal refrigeration cycle. Recently, a variety of rare earth (R)-3d transition metal (TM) intermetallic compounds have been reported to exhibit great MCEs at low temperature range because of the first-order phase transition (FOPT). 11, 12 Unfortunately, FOPT usually accompanies with remarkable thermal and magnetic hystereses, thus always lowering the effective RC. In contrast, materials with second-order phase transition (SOPT) show reversible MCEs in response to magnetic field change, which is favorable to practical applications. In addition, the permanent magnets in present market can only provide a maximum field of $2 T, and this fact indicates that a large MCE under low magnetic field change is desirable for the fulfillment of a magnetic refrigerator simply using permanent magnets. Consequently, it is necessary to explore magnetic refrigerant materials that undergo a SOPT near liquid hydrogen temperature and present large MCEs especially under low magnetic field change. In present work, we report a detailed study on the magnetic properties and MCE of ErFeSi compound.
The polycrystalline ErFeSi compound was synthesized by arc-melting appropriate proportion of constituent components with the purity better than 99.9 wt. % in a water-cooled copper hearth under purified argon atmosphere. The as-cast sample was then annealed in a high-vacuum quartz tube at 1373 K for 35 days. Powder X-ray diffraction (XRD) measurement was performed at room temperature by using Cu Ka radiation to identify the crystal structure. The Rietveld refinement confirms that the annealed sample crystallizes in a single phase with the tetragonal CeFeSi-type structure (space group P4/nmm). Magnetizations were measured as functions of temperature and magnetic field by employing a MPMS SQUID VSM magnetometer from Quantum Design Inc. The specific heat capacity and ac susceptibilities were measured by using a physical property measurement system (PPMS) from Quantum Design Inc.
Figure 1(a) shows the temperature (T) dependences of zero-field-cooling (ZFC) and field-cooling (FC) magnetizations (M) for ErFeSi under 0.05 T. ErFeSi experiences a ferromagnetic (FM) to paramagnetic (PM) transition around the Curie temperature T C ¼ 22 K, defined as the minimum value of dM/ dT curve, which is quite close to the liquid hydrogen temperature. Besides, another anomaly is observed around T t ¼ 7 K in ZFC curve. However, the ac susceptibility ( Fig. 1(b) ) and heat capacity (Fig. 4) for ErFeSi do not show any phase transition around 7 K. The origin of this anomaly will be discussed later. The inverse dc susceptibility (v
À1
) obtained under 1 T and the Curie-Weiss fit, which is plotted in the inset of Fig. 1(a) . The v À1 above T C obeys the Curie-Weiss law with a paramagnetic Curie temperature h P ¼ 19.7 K and an effective magnetic moment l eff ¼ 9.84 l B . The value of l eff is close to the theoretical magnetic moment (g ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi JðJ þ 1Þ p ¼ 9.59 l B ) of Er 3þ free ion. This fact implies the absence of localized magnetic moment on Fe atoms in ErFeSi, which is in agreement with the result of other RFeSi compounds. 14 It is clearly seen from Fig. 1(a) that the ZFC and FC curves around T C are completely reversible as observed usually in SOPT, whereas a distinct discrepancy between ZFC and FC curves appears below T C . This thermomagnetic irreversibility can be observed in many cases, such as spin-glass systems, 15 materials with competing magnetic interactions, 16 and ferromagnetic materials with high anisotropy. 17 In order to investigate the origin of this irreversibility, the ac susceptibilities v 0 of ErFeSi have been measured in various frequencies ranging from 19 to 9900 Hz and are shown in Fig. 1(b) . It is found that the peak position of v 0 does not show an obvious frequency dependence, which is inconsistent with the spin-glass behavior, 15 suggesting that the irreversibility is not related to the spin-glass system. On the other hand, neutron diffraction investigations determined that RFeSi (R ¼ Nd, Tb, Dy) compounds exhibit a collinear ferromagnetic structure with magnetic moments of R ions aligned along the c axis, indicating the strong uniaxial anisotropy. 14 The magnetic hysteresis loop of ErFeSi at 5 K is presented in the inset of Fig. 1(b) . A hysteresis with coercive field of 0.02 T is observed, further confirming the possible anisotropy of ErFeSi at low temperature. It has been reported that in materials with high anisotropy and low ordering temperature, the domain wall width could be comparable to that of lattice spacing, thus resulting in a large pinning effect. 17 Considering the magnetic anisotropy and low T C for ErFeSi, the thermomagnetic irreversibility is likely attributed to the narrow domain wall pinning effect. In ZFC mode, the domain walls are pinned, and the thermal energy is not strong enough to overcome the energy barriers. This leads to the low magnetization, especially in the temperature range lower than 7 K. However, in FC mode, the magnetic field during the cooling prevents the pinning effect, and therefore the magnetization at low temperature is higher than that in ZFC mode.
The temperature dependences of ZFC and FC magnetizations under various magnetic fields are displayed in Fig. 2 . With increasing magnetic field, the thermomagnetic irreversibility becomes smaller and vanishes completely when filed is higher than 0.5 T. This also indicates that higher magnetic field would provide more energy for domain walls to conquer the barriers of pinning effect, thus reducing the irreversibility. The magnetization isotherms of ErFeSi measured around T C are shown in Fig. 3(a) . To investigate the magnetic reversibility, the M-H curves in temperature range of 19-29 K were measured in field increasing and decreasing modes. No magnetic hysteresis is found for these isotherms, which is a typical characteristic of SOPT. This perfectly reversible behavior is beneficial to the practical applications of magnetic refrigeration. In addition, it is noted that the magnetization changes largely with the variation of temperature around T C , implying the possibility of high MCE. The saturation magnetic moment (l S ) is determined to be 7.2 l B by extrapolating 1/H to 0 using the M-H curve measured at 2 K, and this value is lower than the expected gJ value of 9.0 l B for a free Er 3þ ion. Similar phenomenon has also been observed in other RFeSi compounds, which is attributed to the quenching effect of a strong crystalline-electric-field (CEF). 14, 18 The Arrott plots of ErFeSi are presented in Fig. 3(b) . According to Banerjee criterion, a magnetic transition is considered as first-order when the slope of Arrott plot is negative; otherwise, it is expected to be of second-order when the slope is positive. 19 Neither negative slope nor inflection point is observed in the Arrott plots of ErFeSi, confirming the nature of SOPT. Figure 4 displays the heat capacity (C P ) curves for ErFeSi under the fields of 0, 2, and 5 T, respectively. The sharp k-type peak around 21 K under zero field corresponds to the SOPT. With the increase of magnetic field, the peak gradually becomes broader and lower while it also shifts to higher temperature slightly, which is the typical characteristic of ferromagnet. 9 It is known that the heat capacity peak is caused by the absorption of heat which is utilized in randomization of magnetic moments around T C . With the application of field, the randomization of moments would spread out over a wide temperature region, and the maximum peak moves towards higher temperature. 4, 20 As is well known, the DS M values can be calculated either from the magnetization isotherms by using the Maxwell relation DS M ðT; HÞ ¼ Ð H 0 ð@M=@TÞ H dH or from the heat capacity by using the equation
respectively. However, sometimes the values of DS M calculated from heat capacity may be much lower than those obtained from magnetization isotherms, which is likely due to the poor contact between sample and measuring platform. For comparison, the DS M values were determined from both methods as shown in Fig. 5(a) , and it is clearly seen that the DS M curves obtained from two methods match well with each other. The maximum values of ÀDS M reach 14.2 and 23.1 J/kg K for the field changes of 2 and 5 T, respectively. In addition, the RC was estimated by using the approach
jDS M jdT, where T 1 and T 2 are the temperatures corresponding to the both sides of half maximum value of DS M peak. 22 Thus, the RC values are obtained to be 130 and 365 J/kg for the field changes of 2 and 5 T, respectively. As mentioned before, the magnetic field of 2 T can be provided by a permanent magnet. Therefore, this large MCE of ErFeSi under low field change is favorable to practical applications. Unlike other magnetic materials with FOPT, 4, 11 in which the large MCEs are caused by coupled magnetic and structural transitions, such giant MCE in ErFeSi is considered to be contributed mainly by the large change of magnetization during the SOPT.
As another important parameter to evaluate the MCE of magentocaloric materials, the DT ad was calculated from the C P vs. T curves by using the equation DT ad ðDH; TÞ ¼ ½TðSÞ H À TðSÞ 0 S . 21 Figure 5(b) shows the temperature dependence of DT ad of ErFeSi and the maximum values of DT ad are 2.9 and 5.7 K for the field changes of 2 and 5 T, respectively. For comparison, the magnetocaloric properties of ErFeSi and some other refrigerant materials with a magnetic ordering temperature around 20.3 K are listed in Table I . It can be seen that the MCE of ErFeSi, especially under the low magnetic field change, is comparable with or even larger than those of other magnetocaloric materials around the liquid hydrogen temperature.
In conclusion, ErFeSi undergoes a SOPT from FM to PM states around T C ¼ 22 K. The thermomagnetic irreversibility between ZFC and FC curves is detected below T C in low magnetic field due to the narrow domain wall pinning effect. The maximum values of ÀDS M and RC are found to be 23.1 J/kg K and 365 J/kg for a magnetic field change of 5 T. Especially, ErFeSi exhibits a large reversible MCE under a relatively low magnetic field change (i.e., 2 T), which is comparable with or much higher than those of some magnetocaloric materials in similar temperature range. The excellent magnetoclaoric performance in low magnetic field makes ErFeSi attractive candidate for magnetic refrigerant materials around liquid hydrogen temperature. The DT ad values are calculated by using the equation DT ad ¼ ÀDSðT; HÞ Â T=C P ðT; H 0 Þ, where C P (T, H 0 ) is zero-field heat capacity. 
